Continuous carbon nanotube (CNT) networks were formed in C f /SiC composites via freeze-drying method. Composites were fabricated by precursor infiltration and pyrolysis (PIP) process afterwards. The different distribution morphologies of CNTs in the preforms originating from the different CNT contents were analyzed while the influence of the distribution of CNTs was discussed in detail. Compared to composites without CNTs, the interfacial shear strength (ILSS) and the flexural strength of C f /1%CNTs/SiC were increased by 31% and 27%, respectively, but the values of C f /2.5%CNTs/SiC decreased as a result of lots of defects caused by excess CNTs. With the analysis of ILSS, the flexural strengths, and the fracture morphologies, CNTs effectively improved the weak interfacial strength between T700SC carbon fibers and SiC matrix.
Introduction
Continuous carbon fiber reinforced ceramic matrix composites (CFCMCs) have many advantages, such as low density, high strength, high fracture toughness, and oxidation resistance, and are the most promising candidates for applications in harsh conditions [1] [2] [3] [4] [5] . Currently, C f /SiC composites are extensively studied and have been mainly applied to engine combustion chamber, aerospace heat shield, and friction materials [6, 7] . However, in the laminated C f /SiC composites, the region in interlaminar matrix and among fiber bundles is still weak and makes little contribution to the strength and toughness of the C f /SiC composites [8] , inhibiting the applications.
The nanoscale reinforcement of CNTs, possessing excellent mechanical, thermal, and electronic properties [9] [10] [11] , are applied in C f /SiC composites to overcome the abovementioned weak points. To improve the matrix, CNTs are directly dispersed into organic precursors before composites are prepared via PIP process [12, 13] . Yet nonuniform dispersion and low loading fraction of CNTs limit its application. To alleviate the agglomeration of CNTs, grafting CNTs on fibers via chemical vapor deposition (CVD) process is also developed [14] [15] [16] [17] . The interfacial strength between fibers and SiC matrix can be improved effectively. However, the approach has its inherent shortcomings, such as the high fabricating temperature and the difficulties in processing large panels. Besides, the side reaction during CVD process would degrade the fiber strength [18] .
Previously, freeze-drying technique has been adopted to build continuous CNT networks in unidirectional [19, 20] and two-dimensional [21] carbon fibers/epoxy resin laminated composites. Using the freeze-drying method, continuous and uniform CNT networks are grafted on fibers in one bundle while discontinuous CNT networks (existing in the form of sheets) are formed in the space between bundles and the interlaminar region. The novel CNT spatial structures can not only form suitable interfacial strength between fibers and SiC matrix, but also improve the performance in interlaminar matrix partially via CNT sheets. On the other hand, the approach is processed in a mild condition and thus can maintain full performance of pristine carbon fibers, such as fiber strength and surface integrity. Moreover, the morphologies of CNT structure can be easily controlled by adjusting the freezing parameters [22] and the content of CNTs [23, 24] , enabling designing the spatial structure of CNTs effectively.
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In the present work, we try to use the method to prepare continuous CNT networks in C f /SiC composites to overcome the shortcomings. The influence of CNT contents on the morphologies of CNT networks is studied. And the mechanism of improving the mechanical properties of the composites is discussed in detail.
Experimental
2.1. Materials. T700SC unidirectional carbon fiber cloths with yarns of 12000-filament count (Toray, Japan), of which single filament diameter, density, and tensile strength are 7 m, 1.80 g/cm 3 , and 4.9 GPa, respectively, were used as reinforcement. Polycarbosilane (PCS), with molecular weight of ∼1400 and the soften point of 210 ∘ C (Suzhou Cerafil Co., Ltd., China), and divinylbenzene (DVB) (Aladdin) were used as precursor. Commercial aqueous CNT slurry with the concentration of 5 wt% was purchased from Shenzhen Nanotech Port Co., Ltd., China.
Preparation of C /CNTs/SiC
Composites. The C f /CNTs preforms and the final composites were prepared as follows.
(1) CNT aqueous solution with different concentrations of 1 wt% and 2.5 wt% was prepared by diluting commercial CNT slurry with deionized water. (2) The unidirectional carbon fiber fabrics were made by pressing 11 layers of C f cloth along the same direction to a thickness of 4 mm. The fiber volume fraction of the fabrics was ∼45%. (3) The carbon fiber fabrics were impregnated with diluted CNT solution under vacuum for 0.5 h, dipped into liquid nitrogen rapidly, and left to stand for 8 h. Then, the C f /CNTs preforms were prepared by freeze-drying for 72 h in the freeze-drier. And the freeze-drier (model: FD-1-50), with high ultimate vacuum (<20 Pa) and low operating temperature (<-55 ∘ C), was made by Beijing Boyikang Co., Ltd. (4) The C f /CNTs preforms were impregnated with the precursor solution, consisting of PCS and DVB with the mass ratio of 1 : 0.4, through a similar resin transfer moulding (RTM) process before transferring to an oven, and cured at 120 ∘ C for 6 h. (5) The cured samples were pyrolyzed at 1000 ∘ C for 2 h in argon atmosphere, with the heating rate of 10 ∘ C/min. To acquire dense composites, 7 cycles of PIP were performed.
Characterization.
Archimedes's method with kerosene as immersing liquid was used to get the densities and porosities of the composites. Transmission Electron Microscope (TEM) (JEM100CXII from JEOL) was used to observe the microstructure of CNTs. Scanning Electron Microscope (SEM) (S4800 from Hitachi Corporation in Japan) was used to study morphologies of dispersion state of CNTs in the preforms and fracture morphologies of the composites after test. The flexural strength was carried out using a threepoint bending test on specimens with the size of 40 × 4 × 2 mm (length × width × height), a 32 mm span, and a 0.5 mm/min cross-head speed. ILSS tests followed ASTM D2344 guidelines. Five specimens were tested for each set of conditions.
Results and Discussion

Morphologies of C /CNTs Preforms after Freeze-Drying.
The morphology of the as-received carbon fiber cloth is shown in Figure 1 (a). The spacing between fibers in intrabundle region ranges from a few hundred nanometers to several micrometers, with the diameter of 7 m. And the surface of T700SC carbon fibers is smooth, contrary to that of T300 where there are grooves [25] . CNT slurry was dispersed into deionized water by ultrasonication (30 min) for TEM observation on pristine CNTs. The result (Figure 1(b) ) indicates that the as-used CNTs are multiwalled with the diameter of 20 nm and the lattice fringe of CNTs is not clear, implying poor crystallinity.
The dispersion state of 1 wt% CNTs in the preform after freeze-drying is observed. As seen in Figure 1(c) , the surface of carbon fibers is rough, rather different from that of pristine fibers, indicating that CNTs are effectively grafted on fibers. The change of the diameter of the fibers is not obvious, implying a thin CNT layer grafted on C f . Although the CNT layers were grafted on the fibers uniformly, the continuity of the CNT networks between fibers in one bundle was affected by the spacing between fibers, resulting from the mechanism of freeze-drying within confined space [20] . It appears that CNT networks trend to be continuous when the spacing is merely several hundred nanometers while discontinuous CNT networks can be found when the spacing spans up to several micrometers. And the former was predominant on the whole. Discontinuous parallel CNT sheets with the bottom width of 1 m were formed from the simultaneous rejection by two adjacent ices crystals [26] . The CNT morphology contrasted with the one prepared by CVD method [14, 17] . The magnifying image (Figure 1(d) ) reveals that the twisted CNTs interact with each other in an entangled state, with the length of several micrometers and the diameters of ∼30 nm, well-matched to the TEM results. CNTs are uniformly grafted on fibers while the space between fibers fills with porous CNT networks. Nanopores of ∼200 nm provide channels for precursor impregnation, together with nonclosed structures of CNT sheets.
As shown in Figure 1 (e), the diameter of the fibers increases significantly when the content of CNTs increases to 2.5 wt%. By contrast, the thickness of CNT layer is up to 500 nm, far greater than that of 1 wt%. The CNT networks between fibers trend to be more continuous because more CNTs fill the space, companying with the formation of cell structures. And the novel cell structure is nearly closed with the bottom width of ∼4 m, four times thicker than that of CNT sheets in C f /1%CNTs preform. The cell CNT structure arose from CNT sheets that grew up and connected to each other due to the increment of CNTs. The occupied state of the space between fibers is observed in Figure 1 (f) and dense CNT networks fill. Nevertheless, nearly closed cell structure and dense CNT networks might be disadvantageous to the process of precursor impregnation and generate defects in the as-fabricated C f /SiC composites in virtue of strong diffusion resistance to precursor solution. 
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The Influence of CNTs on the SiC Matrix.
The SiC matrix would crack owing to the mismatch of coefficients of thermal expansion [27] between carbon fibers and SiC matrix and the shrinkage of SiC matrix during high-temperature pyrolysis, leading to thermal physical injury of fibers. To study the influence of CNTs on the matrix during high-temperature pyrolysis, the morphologies of the composites after the first cycle of PIP are observed. Big cracks can be found and matrix breaks up completely in Figure 2 (a). However, cracks become smaller and matrix remains monolithic except for the partial divorces (Figure 2(b) ) when introducing 1 wt% CNTs. As seen in Figure 2 (c), broken CNTs far away from the crack tip are straightened and tapered, similar to the "sword-insheath" failure behavior observed in MCNTs under tensile load [28] , while CNTs near the crack tip are still integrated. Meanwhile, the morphologies of CNTs are different from the entangled twisted CNTs. The results indicate that the driving force to crack propagation can be consumed by the destruction of CNTs. The thermal damage on carbon fibers can also be suppressed by reducing the direct contact between carbon fibers to SiC matrix. Thus, CNTs could guarantee the properties of the prepared composites, effectively. Specific properties of the as-fabricated composites are given in Table 1 . The densities of C f /SiC and C f /1%CNTs/SiC are exactly alike, 1.61 g/cm 3 , and small to the reported [13, 15] , resulting from the relatively high fiber volume fraction of the fabrics and the low density of CNTs (1.74 g/cm 3 ) [29] . However, the density of C f /2.5%CNTs/SiC decreases significantly, caused by the potential negative influence of excess CNTs. The change regulation of ILSS and the flexural strength correspond to those of the densities. Moderate CNTs can improve ILSS and the flexural strength to some extent, while excess CNTs play a negative effect due to the insufficient impregnation of the precursor. And detailed mechanism of action would be given in the following.
The Influence of the Content of CNTs on ILSS.
ILSS of the as-fabricated composites is small to the reported [17] due to the relatively weak interfacial strength stemming from the smooth surface of T700SC carbon fiber [30] . However, with the introduction of 1 wt% CNTs, the smooth surface of T700SC became uneven and ILSS was improved by 31% finally. SEM images of the fracture surface of composites that failed in shear are shown in Figure 3 . In the composite of C f /SiC, vivid gaps between SiC matrix and carbon fiber can be observed, as shown in the rectangular area in Figure 3(a) . Furthermore, the surface of fibers is smooth with little residual matrix, indicating poor interfacial strength. This is not the case when introducing 1 wt% CNTs via freeze-drying method. As shown in Figure 3(b) , there is no gap and lots of CNTs adhere to the fibers, indicating that a strong interfacial strength exists. In addition, the SiC matrix is dense and there is no obvious defect for the reason that 1 wt% CNTs does not hinder the precursor impregnation owing to the existing nanopores between fibers and nonclosed structure of CNT sheets. However, as in Figure 3 (c), pores with the size of several hundred nanometers can be clearly seen in the matrix (black arrow) when increasing the CNT content to 2.5 wt%, further. The formation of obvious defects could be attributed to the strong diffusion resistance from thicker CNT sheets, approximate-closed CNT cell structure, and dense CNT networks between fibers. Though it was beneficial to improve ILSS between the SiC matrix and fibers by increasing the CNT content [16] , the accompanying defects would reduce ILSS. After all, ILSS was affected by the interfacial strength and properties of the matrix [31, 32] . As a result of the two factors, ILSS of C f /2.5%CNTs/SiC was improved indistinctively. In brief, it is necessary to choose an optimal CNT content to achieve high-performance C f /CNTs/SiC composites. 1 wt% CNTs, while the value of C f /2.5%CNTs/SiC decreased. The fracture morphologies after test are given in Figure 4 . Lots of fiber pull-out can be found in Figures 4(a) , 4(c), and 4(e), indicating noncatastrophic failure modes happening due to relatively weak interfacial strength between fibers and SiC matrix. Nevertheless, the concrete fracture mechanisms are different. C f /1%CNTs/SiC shows a "pull-out of short filaments" failure mode (Figure 4 (c)) compared with the long pull-out of filaments of C f /SiC, indicating that CNTs effectively increase the interfacial strength and make the pull-out of fibers hard. The failure mode switches to "long filaments with fiber clusters" (Figure 4 (e)) when the CNT content is increased to 2.5 wt%. The fiber clusters (red circle region), originating from the strong interfacial strength because of CNTs, fracture brittlely with the pull-out of few fibers. To study the fracture mechanisms further, the features of typical fracture region around the fibers are observed. The major fracture mode of C f /SiC is ductile, although some fibers fracture brittlely. Little matrix adheres to fibers, and the surface of matrix debonding from fibers ( Figure 4(b) ) is smooth and intact (red rectangular region), suggesting a relatively poor interfacial strength that would lead to invalid load transfer [30] . However, the interfacial strength is reinforced by CNTs (red circles) when introducing 1 wt% CNTs in the composites (Figure 4(d) ), consistent with literature reports [14, 16] . CNTs in the matrix inhibit the crack initiation (the inset) and force the crack to deflect (black curve). Both mechanisms consume energy and inhibit the crack propagation. In consideration of alleviating the thermal stress and protecting fibers in the previous analysis, the property of C f /1%CNTs/SiC is improved. And the interfacial strength between SiC matrix and carbon fibers is further enhanced by increasing the content of CNTs to 2.5 wt%. The surface of the matrix becomes rugged and coarse (red rectangular region) after the matrix debonds from the fibers in the cluster, and it is demonstrated that SiC matrix is destroyed during the pullout of fibers. Thus, it can be concluded that there is a stronger interfacial strength than that of C f /1%CNTs/SiC owing to the increment of the CNT content. Nevertheless, excess CNTs lead to impeding the precursor impregnation and the matrix thus is full of defects (red arrow). The nanopores make the property of C f /2.5%CNTs/SiC decrease obviously. Therefore, it is clear that an appropriate content of CNTs is crucial and the concentration of 1 wt% of CNTs is beneficial to the property of the composites.
The Flexural Strength of
Conclusions
Firstly, C f /CNTs/SiC composites were prepared via PIP process assisted by freeze-drying method. Secondly, the weak interfacial strength between T700SC carbon fibers and SiC matrix has been handled effectively. Thirdly, the continuous CNT networks with nanopores of ∼200 nm play a crucial role in reinforcing the interfacial strength. Compared with the composites without CNTs, ILSS and the flexural strength of C f /1%CNTs/SiC were increased by 31% and 27%, respectively. However, excess CNTs would play a negative effect. Figure 4 : SEM images of the fracture morphologies after three-point bending test of (a) (b) C f /SiC, (c) (d) C f /1%CNTs/SiC, and (e) (f) C f /2.5%CNTs/SiC.
